1. Background {#sec0005}
=============

According to the recent definition proposed by the Consensus conference on Acute Dialysis Quality Initiative Group,[@bib0005] the term cardio-renal syndrome (CRS) has been used to define different clinical conditions in which heart and kidney dysfunction overlap. RS complexity needs to be explained starting by its pathogenesis and this is the aim of the following chapter.

The classification of CRS proposed in the Consensus Conference by the Acute Dialysis Quality Group essentially divides CRS in two main groups, cardio-renal and reno-cardiac CRS, on the basis of the *primum movens* of disease (cardiac or renal).Both cardio-renal and reno- cardiac CRS are then divided into acute and chronic, according to disease's acuity of onset. Type 5 of CRS integrates simultaneous cardio- renal involvement induced by systemic disease ([Table 1](#tbl0005){ref-type="table"}). In the following chapters it will be pointed up all novel approaches on CRS pathophysiological pathways mainly focused on immunologic and biometabolic new findings.

2. Type 1 cardio renal syndrome {#sec0010}
===============================

Type 1 CRS occurs in about 25% of patients hospitalized for acute decompensated heart failure (ADHF).[@bib0010], [@bib0015] Among these patients, underlying chronic kidney disease (CKD) is quite common and contributes to acute kidney injury (AKI) in 60% of all cases studied. AKI is an independent mortality risk factor in acute decompensated heart failure patients, including those with acute myocardial infarction (AMI) and/or reduced left ventricular ejection fraction.[@bib0020]

2.1. Pathophysiology {#sec0015}
--------------------

Type 1 CRS (acute cardio- renal syndrome) is characterized by acute worsening of cardiac function leading to AKI[@bib0025], [@bib0030] in the setting of active cardiac disease such as ADHF. Preliminary observations highlight the importance of timing in the development of AKI and its early diagnosis ([Fig. 1](#fig0005){ref-type="fig"}).

Hemodynamic mechanisms play a major role in type 1 CRS in presence of ADHF leading to decreased renal arterial flow and a consequent fall in glomerular filtration rate(GFR). Once hemodynamics have been restored, renal and cardiac parameters come back to normal.[@bib0035] Different hemodynamic profiles have been proposed[@bib0040]: in "cold" pattern patients, reduction in effective circulation fluid volume (ECFV) represents the main hemodynamic change, while there is a marked increase in central venous pressure (CVP) in "wet" pattern patients.

"Cold" patients also present with decrease in renal blood flow related to the renin angiotensin-aldosterone system (RAAS) and systemic nervous system activation causing afferent vasoconstriction, decreased renal blood flow and decreased effective glomerular perfusion pressure. Patients who present with a "wet" hemodynamic profile display increased pulmonary and/or systemic congestion. In these patients, high CVP directly affects renal vein and kidney perfusion pressure[@bib0045], [@bib0050]; CVP increase also results in increased interstitial pressure with tubular' collapse and progressive decline in GFR.[@bib0055]

"Warm and wet" patients represent the most frequent profile in acute and chronic advanced heart failure.[@bib0060], [@bib0065] Mechanisms of increased CVP are quite similar to "cold" profile patients, but renal perfusion pressure is less affected because of higher arterial blood pressures.[@bib0045]

Non-hemodynamic mechanisms were also proposed as involved in type 1 CRS including sympathetic nervous system (SNS) and RAAS activation, chronic inflammation and imbalance in the proportion of reactive oxygen species (ROS)/nitric oxide (NO) production ([Fig. 2](#fig0010){ref-type="fig"}). Patients with ADHF show more frequently defective regulation of monocyte apoptosis and activation of inflammatory pathways compared with healthy subjects.[@bib0070], [@bib0075]

Several pathophysiological processes contribute to perpetuating AKI, including endothelial and epithelial cell death, and a primary role for apoptotic mechanisms due to renal ischemia, toxic injury, radiation and ureteral obstruction have been suggested in experimental models.[@bib0080]

Renal tubular epithelium is particularly vulnerable to ischemic injury resulting in cell death by apoptosis and necrosis with consequent loss of r epithelial cell structure and function.[@bib0085] Renal tubular cells represent major site of cell damage during AKI with strong association between intra-renal inflammatory activity and renal cell apoptosis.[@bib0090]

Sera from type 1 CRS patients' show high levels of proinflammatory cytokines and proapoptotic factors[@bib0095] There are two main intracellular pathways for apoptosis (intrinsic and extrinsic), characterized by activation of different activator caspases[@bib0095] and linked by caspase-3.[@bib0095] Cleavage of caspase-3 and its activation causes DNA fragmentation, demolition of cellular cytoskeletal and nuclear proteins and consequent formation of apoptotic bodies.[@bib0095], [@bib0100] Fragmentation of renal tubular cells genomic DNA represent a biochemical hallmark of apoptosis, an irreversible process leading to cell's death.[@bib0100] The final pathway of apoptotic process is characterized by phagocytosis of apoptotic bodies.[@bib0100]

Oxidative stress is a hallmark of type 1 CRS, as evidenced by a significant increase in circulating reactive oxygen species (ROS) and reactive nitrogen species (RNS), coupled with increased expression of interleukin-6 (IL-6). Increased levels of NADPH oxidase and myeloperoxydase (MPO), with upregulation of proinflammatory mediators via powerful oxidants such as peroxynitrite have also been recently demonstrated.[@bib0105]

MPO acts as primary enzyme in ROS generation by promoting hydrogen peroxide (H~2~O~2~) conversion into nitrogen dioxide (NO~2~) and other species involved in oxidative damage of several critical compounds (lipids, lipoproteins) implicated in the pathogenesis of atherosclerosis, cancer, diabetic vasculopathy and CKD.[@bib0105], [@bib0110] Gut under-perfusion and endotoxin release in patients with ADHF have also been proposed as pathophysiologic mechanisms accelerating progression of HF and CRS.[@bib0115]

3. Type 2 cardio-renal syndrome {#sec0020}
===============================

Type 2 Cardiorenal syndrome is characterized by chronic abnormalities in cardiac function leading to kidney injury or dysfunction. Chronic heart and kidney disease often coexist but large cohort studies assess the onset of one disease (e.g. chronic heart failure \[HF\]) subsequently describing the prevalence of the other (chronic kidney disease \[CKD\]).[@bib0120], [@bib0125] CKD has been observed in 45-63% of CHF patients[@bib0120], [@bib0125], [@bib0130] but it's unclear how to classify these patients often including those ones shifting from a clinical condition of Type 1 CRS. to recognize these patients from Type 4 CRS (chronic reno-cardiac syndrome).[@bib0135]

3.1. Pathophysiology {#sec0025}
--------------------

Intrinsic to its definition, type-2 CRS is characterized by CKD onset in HF patients, but two fundamental features are proposed: CHF and CKD are to be simultaneously present and CHF causally underlies CKD occurrence or progression.[@bib0140] Examples of type-2 CRS can be provided by "cyanotic nephropathy" occurring in patients with congenital heart disease, when heart disease clearly precedes kidney involvement or acute coronary syndrome leading to left ventricular dysfunction and onset/progression of co-existing CKD. Neuro-hormonal activation, renal hypoperfusion and venous congestion, inflammation, atherosclerosis and oxidative stress represent most important pathophysiological mechanisms of type 2 CRS. These mechanisms are operative in recurrent episodes of acute heart and/or kidney decompensation, which are associated with HF and CKD progression.[@bib0145]

In experimental studies, a reduction in glomerular plasma flow together with elevated intra-glomerular filtration pressure(efferent arteriolar constriction) is observed; if these changes persist (up to six months in experimental models) podocytes injury, focal and segmental glomerulosclerosis can occur, often related to local renal increase in sympathetic nervous system and RAAS activation.[@bib0150]

Kidneys of HF patients seems to release large amounts of circulating renin with consequent abnormal angiotensin II production, resulting in efferent arteriolar constriction and increase in oncotic pressure of peritubular capillaries.[@bib0155] High venous pressure is described as an key factor in worsening GFR in HF patients, especially in those with preserved ejection fraction. Patients with decompoensated heart failure and venous congestion often have t with significant RAAS activation without decreased circulating volume as stimulus.[@bib0160] Persistent RAAS and SNS activation could contribute to CKD progression in type 2 cardio renal syndrome.

Angiotensin II production and aldosterone release lead to distal nephron augmented sodium reabsorption and subsequent systemic pressure and volume overload. Increased aldosterone levels can also contribute to glomerular fibrosis due to up-regulation of transforming growth factor-β (TGF-β) and increased secretion of fibronectin.[@bib0165], [@bib0170]

Persistent inflammation triggered by ongoing cardiac decompensation is also responsible for CKD progression in ADHF.[@bib0175]

4. Type-3 cardiorenal syndrome {#sec0030}
==============================

Type 3 cardio renal syndrome, also defined as acute reno-cardiac syndrome, occurs when acute kidney injury (AKI) contributes and/or precipitates development of acute cardiac injury. AKI may directly or indirectly produce an acute cardiac event; triggered by the inflammatory surge, oxidative stress and secretion of neurohormones following AKI.[@bib0180], [@bib0185] Other triggers for cardiac injury and dysfunction include AKI related volume overload, metabolic acidosis and electrolytes disorders such as hyperkalemia and hypocalcemia. Acute, left ventricular dysfunction and accelerated fibrosis have been also described in patients with AKI.[@bib0190] Lastly, AKI can affect cardiac function contributing to alterations in drug pharmacokinetics and dynamics (such as excretion of digoxin).

4.1. Pathophysiology {#sec0035}
--------------------

### 4.1.1. Direct AKI effects on heart function {#sec0040}

Pathophysiological interactions between kidney and heart in AKI have been referred to "cardio-renal connectors",[@bib0195] l which include immune modulation (pro- and anti-inflammatory cytokines and chemokines release) and sympathetic nervous systems and RAAS hyperactivity, and activation of the coagulation cascade.

Circulating levels of tumor necrosis factor-alpha (TNFα), interleukin-1 (IL-1) and interleukin-6 (IL-6) seems to increase immediately after renal experimental ischemia and, together with other cytokines as well as and interferon- alfa (IFN-α), have direct cardio-depressant effects, such as reduction in left ventricular ejection fraction and elevation of left ventricular end diastolic and systolic volumes and areas.[@bib0200], [@bib0205] Cytokines release can affect myocardial cells directly on their contractility or by close interactions with extracellular matrix leading to negative inotropic effects Cellular mechanisms involve secondary mediators such as sphingolipids, arachidonic acid and intracellular Ca^2+^ alterations.[@bib0210]

In animal models, infusion of TNF-α results in decrease of left ventricular diastolic pressure with secondary coronary vasoconstriction. Infusions cause time-dependent dysfunction (regional contractility alterations) of left ventricle and its dilation lasting up to 10 days.[@bib0210] Several diastolic abnormalities are also observed, including slow relaxation of left ventricle and raised left atrium filling pressure to indicate an increase in left ventricle diastolic stiffness.[@bib0215] In presence of renal ischemia, rat hearts show increased expression of adhesion molecules such as ICAM-1 together with myocardial apoptosis (this is not true in case of bilateral nephrectomy) to prove that systemic inflammation, and not AKI, plays an immediate role in myocardial damage and dysfunction.[@bib0220] In animal experiments it has been shown that left ventricular dilation, increased left ventricular end diastolic and end systolic diameters, increased relaxation time and decreased fractional shortening can occur 48 h after renal injury.[@bib0225]

Hyperactivity of the SNS with abnormal secretion of norepinephrine impairs myocardial activity in several ways: direct norepinephrine effect, impairment in Ca^2+^ metabolism, increase in myocardial oxygen demand with potential evolution to myocardial ischemia, myocardial cells β1-adrenergic mediated apoptosis, stimulation of α1 receptors and, finally, activation of RAAS. Abnormal and uncontrolled RAAS activation leads to angiotensin II release with consequent systemic vasoconstriction and elevation of vascular resistance; in addition, angiotensin II itself directly promotes cellular hypertrophy and apoptosis.[@bib0230] Increased RAAS activity could be accountable for diminished coronary response to adenosine, bradykinin and [l]{.smallcaps}-arginine.[@bib0235] Other animal models exemplify how the inflammatory cascade of AKI can contribute to altered permeability of lung vessels, with resultant interstitial edema and micro-hemorrhage mediated by inflammatory mediators and altered expression of epithelial sodium channel and aquaporin-5.[@bib0240]

Myocardial cells apoptosis and neutrophil activation greatly contribute to the pathophysiologic pathways of cardiac injury following AKI, leading to lethal major cardiac events as can be seen in rat transgenic models.[@bib0245] Cardiac myocyte apoptosis and neutrophil infiltration represent two of the most important contributors to the pathophysiology of myocardial infarction during AKI.[@bib0250] The cardio-renal link between AKI and cardiac fibrosis is shown with the upregulation of beta-galactoside-binding lectin galectin-3, mRNA expression renal ischemia.It is also implicated in the development of myocardial fibrosis and heart failure in AKI, and its inhibition can delay progression of myocardial fibrosis.[@bib0255]

### 4.1.2. Indirect effects of AKI on heart function {#sec0045}

As renal function declines, it can result in significant pathphysiological derangement, leading to cardiac injury. Oliguria can lead to sodium and water retention with consequent fluid overload and development of volume overload, hypertension, pulmonary edema and myocardial injury. Electrolytes imbalances (primarily hyperkalemia), can contribute to raised risk of fatal arrhythmias and sudden death. Acidemia also can worsen pulmonary vasoconstriction, increased right ventricular after load and contribute to a negative cardiac inotropic effect. Finally uremia itself can directly affect myocardial cells contractility through myocardial depressant factors and promoting pericardial effusions and pericarditis.[@bib0260], [@bib0265]

In response to systemic and renal hemodynamic changements, baroceptor and intrarenal chemoceptors lead to SNS and RAAS activation as described previously SNS activation directly affects intrarenal hemodynamics and stimulates renin incretion, and also causes cardiomyocyte apoptosis. Neuropeptide Y, a vascular growth factor accountable for neointimal formation and following vasoconstriction is also stimulated by RAAS activation.[@bib0270], [@bib0275]

### 4.1.3. Electrophysiological effects {#sec0050}

Classical ECG changes in hyperkalemic patients are represented by tenting of T wave due to rapid and consistent elevation in extracellular potassium levels, leading to increased activity of potassium channel (and inactivation of sodium channel) with faster repolarization and predisposition to arrhythmias.[@bib0280] Hyperkalemia reduces resting membrane potentials (both atrial and ventricular) and induces ST-T segment abnormalities (i.e. elevations in V1 and V2) simulating an ischemic pattern. In some patients, hyperkalemia can simulate a Brugada-like pattern, characterized by right bundle branch block and persistent ST-T segment elevation.[@bib0280]

5. Type-4 cardio renal syndrome {#sec0055}
===============================

Type-4 CRS, also defined as chronic reno-cardiac disease, is characterized by cardiovascular involvement in patients affected by chronic kidney disease at any stage according to National Kidney Foundation (NKF) classification.It's well established that renal dysfunction is an independent risk factor for cardiovascular disease with higher mortality risk for myocardial infection and sudden death in CKD.[@bib0285]

5.1. Pathophysiology {#sec0060}
--------------------

[Fig. 3](#fig0015){ref-type="fig"}, [Fig. 4](#fig0020){ref-type="fig"} show close interactions between chronic kidney disease (CKD) and cardiovascular involvement. Chronic kidney disease independently accelerates ischemic heart disease and contributes to pressure and volume overload, leading to left ventricular hypertrophy.[@bib0290]

Left ventricular hypertrophy (LVH) highly prevalent in patients starting hemodialysis. Pressure overload leading to LVH results from hypertension and calcific valvular disease as early as CKD-2, but is particularly prevalent in hemodialysis and pre-dialysis patients.[@bib0295], [@bib0300] Hyperphosphatemia and secondary hyperparathyroidism can produce ossification of cardiac vessels and valves because of "osteoblastic" transformation of vascular smooth muscle cells.[@bib0305] Congestive heart failure is exacerbated by volume overload central to CKD with underlying anemia of chronic disease and the presence of hemodialysis arteriovenous fistulae being common contributing factors.[@bib0310], [@bib0315]

Chronic inflammation, insulin resistance, hyperhomocysteinemia and malnutrition-inflammation associated dyslipidemiacan also contribute to accelerated cardiovascular disease in CKD. as GFR declines, gradual accumulation of a spectrum of toxins (β2 microglobulin, guanidines, phenols, indoles, aliphatic amines, furans, polyols, nucleosides, leptin, serum amyloid A protein, asymmetric dimethyl arginine, parathyroid hormone and erythropoiesis inhibitors) can occur,[@bib0320], [@bib0325], [@bib0330] which contribute to the inflammatory milieu of progressive CKD. B-type natriuretic peptide (BNP) and related N-terminal pro BNP (NT-proBNP) are both elevated in CKD patients compared to age and sex matched cohorts wirth preserved renal function, reflecting myocardial cells injury due to hypertension, volume overload, LVH, cardiac remodelling and fibrosis.[@bib0335], [@bib0340]

### 5.1.1. Congestive heart failure and left ventricular hypertropphy {#sec0065}

Echocardiographic abnormalities (impairment of ejection fraction, increased end systolic and end disatolic left ventricular diameter and volume) are frequently reported since early stages of CKD to ESKD. Incident dialysis patients show higher rates of systolic dysfunction (15%), LVH (74%) and left ventricular dilation (36%).[@bib0345], [@bib0350] Pathophysiological mechanisms proposed includes pressure and volume overload in parallel with progressive GFR decline. Pressure overload is also execerbated by co-existing hypertension, valvular heart disease (accelerated by secondary hyperparathyroidism) and impaired vascular compliance. Consequent increase in cardiac workload leads to compensatory hypertrophy and excessive myocardial cells stress relative to increased oxygen demand resulting in myocyte fibrosis and death, cardiac chamber dilation and systolic dysfunction.[@bib0350]

Fibroblast growth factor-23 (*FGF-23*), member of fibroblast growth factor family (implicated in regulation, growth and differentiation of cardiac myocytes) has paracrine functions in kidneys because of its phosphaturic properties blocking vitamin D3 synthesis.[@bib0355] During CKD progression, accumulation of phosphate leads to increase in FGF-23 secretion that promotes LVH and cardiac remodeling. Echocardiographic assays demonstrated a 5% LVMI (lef ventricular mass imdex) rise for every log increase in plasma FGF-23 levels.[@bib0360]

### 5.1.2. Cardiac arrhythmias and sudden cardiac death {#sec0070}

CKD patients, especially those on hemodialysis, are more prone to develop arrhythmias, especially atrial fibrillation and ventricular tachyarrhythmias. Significant shifts of electrolytes and blood pressures/volumes levels are common in intra and inter-dialytic periods leading to myocardial cells mechanical (regional wall motion abnormalities) and arrythmogenic potential.[@bib0365] Almost half of cardiovascular deaths in end-stage kidney disease population are related to cardiac arrhythmia or sudden death.[@bib0365] Increased risk for sudden death seems to be particularly related to longer dialytic intervals in subjects undergoing thrice weekly hemodialysis treatment,because of extreme shifts of electrolytes and fluids.[@bib0465] In the non dialysis CKD population, a 1.11 hazard ratio for sudden cardiac death exists for every 10 ml/min/1.73 m^2^ fall in GFR.[@bib0370]

Atrial fibrillation is a common arrhythmia in the CKD/ESKD population. In the Chronic Renal Insufficiency Cohort (CRIC) study, an 18% prevalence of atrial fibrillation was found.[@bib0375] The incidence of atrial fibrillation (ECG-detected) correlates with the degree of CKD with a 4--5% prevalence in stage 4--5 CKD patients. After multivariate analysis, the odds ratios for ECG- defined atrial fibrillation were 2.20 in CKD stage 1--2 patients, 1.51 in CKD 3, and 2.86 in CKD 4--5 patients respectively, compared to control subjects with normal renal function,[@bib0375] The burden of atrial fibrillation is complicated by the increased hemorrhagic risk in this population from anticoagulation.[@bib0375]

### 5.1.3. Coronary atherosclerotic heart disease {#sec0075}

CKD patients present higher prevalence of coronary artery disease at angiographic evaluation with multivessel disease and ECG evidence of previous ischemia.[@bib0380]

Conchol et al. assessed CAD prevalence in early stages of CKD with coronary catheterization procedures in 261 patients with GFR between 30 and 90 ml/min More than half the patients with GFR \<90 mls/min/1.73 m^2^ had a 70% stenosis in at least one coronary artery, and more than 84% patients with GFR \< 30 ml/min/1.73 m2 showed significant CAD mainly involving the left coronary arterial territory.[@bib0385]

### 5.1.4. Uremia and cardiac fibrosis {#sec0080}

End-stage CKD patients develop cardiac fibrosis similar to hypertensive and chronic ischemic heart disease patients in which endocardial and epicardial fibrosis predominate.[@bib0390] Uremic toxins such as indoxyl sulfate and *p*-cresol can contribute to cardiac fibrosis in CKD patients. Indoxyl sulfate concentrations are 300 fold higher than control population and it directly contributes to cardiac fibrosis by synthesis of TGF-β, tissue inhibitor of metalloproteinase-1 (TIMP-1) and alpha-1 collagen.[@bib0395], [@bib0400]

Recent evidence shows up-regulation of galectin-3, a member of the β-galactoside-binding lectin family synthesized by macrophages, which interacts with extracellular matrix protein like laminin, synexin and integrins. Galectin-3 can bind to cardiac fibroblasts increasing collagen production in the myocardium. Lok et al. enrolled 232 stage 3--4 CKD patients and demonstrated that galectin-3 levels were independent predictors of cardiovascular mortality.[@bib0400]

6. Type-5 cardio renal syndrome {#sec0085}
===============================

Type-5 CRS is a recently defined clinical syndrome and complete epidemiological data on this entity are still incomplete. Type-5 CRS occurs when cardiac and renal injury occur simultaneously. encompassing many clinical syndromes such as sepsis, and drug toxicity where heart and kidney are involved secondary to a common underlying pathological trigger.[@bib0005]

6.1. Pathophysiology {#sec0090}
--------------------

The pathophysiology of CRS-5 depends on the underlying disease. Acute CRS-5 results from systemic processes e.g. sepsis, infections, drugs, toxins and connective tissue disorders such as lupus, Wegener's granulomatosis, and sarcoidosis. The temporal course of the development of CRS 5 is variable. For example, in sepsis induced acute CRS-5, there is a fulminant disease process with an acute impact on both the kidney and the heart, with obvious clinical manifestations. On the other hand in cirrhosis, CRS-5 has a more insidious onset and the kidney and cardiac dysfunction may develop slowly, until a crucial point is reached and full decompensation occurs.

Acute CRS-5 develops into four following steps and it can be hyper-acute (0--72 h after diagnosis), acute (3--7 days), sub-acute (7--30 days) and chronic (over 30 days) ([Table 2](#tbl0010){ref-type="table"}).

Chronic CRS-5 (i.e. CRS in cirrhotic patients) presents time sequence quite variable because in most cases of CRS-5 there is an underlying condition and related precipitating event leading to attention. For instance, cirrhotic patients are subject to infections and an acute CRS-5 can overlap a chronic process. Krag et al. described the cardiorenal link in advance cirrhotic patients underlying how these patients, together with splancnic vasodilation and activation of vasoconstrictive systems, present an impaired contractile responsiveness to stress and altered diastolic relaxation. Altered diastolic function could be accountable as a major determinant of kidney function and survival in cirrhotic patients.[@bib0405] The mechanisms invoked in acute and chronic forms of CRS-5 are described in [Fig. 5](#fig0025){ref-type="fig"}, [Fig. 6](#fig0030){ref-type="fig"}.

Pathophysiological changes in sepsis related CRS 5 depend on systemic effects of the sepsis itself, and also, from direct cross-talk between the damaged heart and kidney.In early stages of sepsis microcirculation is often initially involved des pite normal systemic hemodynamics[@bib0410], [@bib0415] and strongly correlates with morbidity and mortality rates.

Sepsis associated cardiomyopathy represents one of main predictors of mortality in septic patients.[@bib0420]Both the left and right ventricle can be injured with dilation and decreased ejection fraction, often unresponsive to fluid and catecholamine therapy.[@bib0425] Septic cardiomyopathy, when severe, can mimic cardiogenic shock but it is usually reversible.[@bib0430] Myocardial blood flow and oxygen consumption do not seem involved in pathophysiology of septic cardiomyopathy.[@bib0435] Pro-inflammatory mediators and complement factors have been proposed as crucial actors in the development of cardiac involvement during sepsis.[@bib0440], [@bib0445]

In sepsis associated AKI, there are clear changes in intra-parenchymal blood flow independent of systemic hemodynamic changes linked to the septic process.[@bib0450], [@bib0455] Recent experimental data have compared two different sepsis models in pigs in which, irrespective of systemic hemodynamics, only pigs developing septic AKI demonstrated increased renal vascular resistance and early rises in pro-inflammatory cytokines (IL-6) and oxidative stress markers.[@bib0455]

Sepsis, is able to affect the autonomic nervous system (ANS), RAAS and hypothalamus-pituitary gland-adrenal gland axis (HPA) independently which can impact, in several and distinctive steps, cardiac and/or renal function. Severity of ANS dysfunction correlates with morbidity and mortality[@bib0460], [@bib0465]; autonomic dysfunction can be assessed by observing decreased heart rate variability (HRV), often associated with release of inflammatory biomarkers such as IL-6, IL.10 and C- reactive protein (CRP).[@bib0470] It's clear that during combined heart and kidney dysfunction, as in sepsis, several cellular and molecular changes occur in both tissues.Activation and induction of cytokines (TNF-α and IL-6) and leukocytes (macrophages, neutrophils and lymphocytes) is well documented both in heart and kidney during.[@bib0475], [@bib0480] Myocardial contractility is significantly affected and muscle protein expression (actin and myosin) is abnormal in sepsis as well as membrane associated proteins, as dystrophin, normally regulating cell shape, mechanical strength and myocardial cells contractility.Mean amount of dystrophin and other similar glycoproteins are reduced in septic myocardium.[@bib0485] Sepsis induces tubular damage in kidneys affected by increased secretion of lipopolysaccharide that alters HCO3 transport leading to abnormalities in urine acidification.[@bib0490] Lipopolysaccharide also modifies megalin, a glomerular protein involved in increasing albuminuria, and consequently intrarenal inflammation.[@bib0495]

7. Therapeutic implications {#sec0095}
===========================

According to pathophysiological pathways cardiac dysfunction may occur in any stage of AKI and CKD. European Society of Cardiology (ESC) and American College of Cardiology Foundation (ACCF)/American Heart Association (AHA) guidelines for ADHF[@bib0500], [@bib0505] have to be followed. Intravascular and extravascular volume control should be reached with diuretics and extracorporeal therapies. Prevention of left ventricular volume overload is critical to maintain adequate cardiac output and systemic perfusion.

Diuretics, especially loop diuretics, are the gold standard in ADHF and type 1-3 CRS therapy since they provide to reduce fluid overload and improve symptoms (beneficial effects on patients' dispnea and edema); on the other side, inappropriate diuretic therapy can worse kidney's injury during AKI.

Therefore, diuretic therapy has been associated with increased risk of death in AKI patients showing no benefits in kidneys' function recovery.[@bib0510] Despite of these clinical evidence, diuretics remains first choice tharapy in ADHF patients. Continuous infusion of furosemide has been recommended for improved efficacy as far as combination therapy thiazides diuretics. Once pharmacological treatment fails in AKI patients and oligo-anuric renal failure is established, renal replacement therapy has to been started and it represent a cornerstone in the management of severe kidney injury although several aspects of RRT remain still controversial. The timing of RRT initiation is strongly dependent by clear impairment of renal function with electrolytes and acid-base imbalancement, hpercreatininemia and severe fluid overload not responsive to pharmacological treatment.[@bib0515]

Concerning type-4 CRS, RENAAL study was one of the corner stone in this field of application. RENAAL investigators aimed to evaluate renoprotective effects of losartan in over 1500 type 2 diabetic patients with renal involvement without evidence of heart failure at baseline.[@bib0520] Quite similar to RENAAL study, the Irbesartan Diabetic Nephropathy Trial (IDNT) study was designed to evaluate renoprotective effects of irbesartan versus amlodipine or placebo in over 1700 patients.[@bib0525] Results showed how irbesartan group had lower incidence of heart failure compared to amlodipine and placebo group.[@bib0525] The use of beta-blockers together with ACE inhibitors or Angiotensin II receptors blockers (ARBs) is associated with better cardiovascular and renal outcomes in elderly patients, also those with advanced CKD.[@bib0530] In the Evaluation of Cinacalcet Hydrochloride Therapy to Lower Cardiovascular Events (EVOLVE), reduction in first heart failure episode was reported in cinacalcet group.[@bib0535] Di Lullo et al. found that, treating pre-dialysis patients with sevelamer chloridrate (1600 mg/day), a calcium-free phasphate binder, both reduction on cardiac valve calcifications and delay in kidney function decline occured.[@bib0540] Dyslipidemia represent another fundamental target to achieve in managing cardiovascular complications in CKD patients; SHARP trial actually represents largest trial on statin employment in CKD patients showing a significant benefit of the combination simvastatin/ezetimibe on major atherosclerotic events although all-cause mortality was unaffected.[@bib0545]

Finally in type-5 CRS maintaining hemodynamic stability and guarantee tissue perfusion are key points to prevent type-5 CRS in hyperacute phase of sepsis together with fluid control and correct antibiotic treatment. Fluid therapy must be carefully managed to avoid fluid overload and other iatrogenic complications.[@bib0550]

Since inflammation and immune disorders play an important role in the pathogenesis of sepsis, removal of cytokines and immunomodulation can be obtained with high permeability membranes.[@bib0555] To manage heart complications, approach with fluid therapy together with vasopressors, vasodilators and inotropes is required for maintaining filling pressures; vasopressors should be carefully administered because of depressive effects on cardiac output. More recently levosimendan has to be proven to provide benefits in decompensated heart failure to increase ejection fraction and diuresis; levosimendan efficacy is still to be proven in prevention of type-5 CRS.[@bib0550] Renal support include removal of any nephrotoxic drug and media, maintenance of adeguate perfusion pressure and, if indicated, early intervention with dialysis therapy.[@bib0550]

8. Summary {#sec0100}
==========

The pathophysiology and clinical impact of the various subtypes of cardiorenal syndrome exemplify the intricate cross talk between the heart and the kidney. Given the huge morbidity and mortality of the dual burden of these organ system afflictions, early recognition of the clinical phenotype of cardiorenal syndrome and interventions to slow down end organ damage are crucial in positively influencing the burden of this pathological symbiosis.
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![Timing of acute kidney injury in the setting of acute decompensated heart failure.](gr1){#fig0005}

![Non-hemodynamic network of pathophysiological interactions in CRS type 1. Note the emerging potential role of macrophages/monocytes as mediator of sodium and fluid retention. Reproduced with permission from ADQI.](gr2){#fig0010}

![Pathophysiological pathways of type-4 cardiorenal syndrome. It has been highlighted the role of uremia in developing minor and major cardiovascular complications referring to main CKD-related cardiovascular risk factors such as secondary hyperparathyroidism, anemia, accelerated atherosclerosis and chronic inflammation.](gr3){#fig0015}

![Clinical correlation between kidney and heart disease. This is a summary of close relationship between renal failure main features and equivalent heart involvement with particular focus on uremia effects on systolic and diastolic left ventricular function.](gr4){#fig0020}

![Pathophysiology of sepsis induced organ dysfunction. It has been focused attention on immunologic pathways leading to toxic damage on target organs since complement and coagulation cascade activation and endothelial and epitelial damage.](gr5){#fig0025}

![Pathophysiology of cirrhosis induced CRS-5.](gr6){#fig0030}

###### 

Classification of cardio-renal syndrome.

Table 1

  Type   Denomination            Description                                            Example
  ------ ----------------------- ------------------------------------------------------ ---------------------------------------------------------------------
  1      Acute cardiorenal       Heart failure leading to AKI                           Acute coronary syndrome leading to acute heart and kidney failure
  2      Chronic cardiorenal     Chronic heart failure leading to CKD                   Chronic heart failure
  3      Acute nephrocardiac     AKD leading to acute heart failure                     AKI related uremic
  4      Chronic nephrocardiac   CKD leading to heart failure                           Left ventricular hypertrophy and diastolic heart failure due to CKD
  5      Secondary               Systemic disease leading to heart and kidney failure   Sepsis, vasculitis, diabetes mellitus, amyloidosis

###### 

Temporal considerations in pathophysiology of CRS-5.

Table 2

  Attribute                       CRS5 Acute (Sepsis) ([Fig. 1](#fig0005){ref-type="fig"})       CRS5 Chronic (Cirrhosis) ([Fig. 2](#fig0010){ref-type="fig"})
  ------------------------------- -------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------
  Time for organ dysfunction      Short: hours to days                                           Long: weeks to months
  Underlying organ function       May be superimposed on underlying cardiac and kidney disease   Heart and kidney have adaptive responses that fail over time
  Sequence of organ involvement   Generally simultaneous or in close proximity to each other     One organ precedes the other e.g. cardiac dysfunction precedes renal in cirrhosis
  Underlying disease              Systemic event contributes to CRS5                             Precipitating events can transition to an acute deterioration in CRS5 e.g. GI bleed can precipitate hepatorenal syndrome
  Pathophysiology                 Direct effects on organs                                       Failure of adaptive responses over time
  Mechanisms                      Determined by underlying disease                               Determined by adaptive changes
  Reversibility                   Possible with control of sepsis and organ support              Limited unless there is replacement of diseased organ e.g. liver transplant
